Emerging evidence suggests that TLR (Toll-like receptor) 4 and downstream pathways [MAPKs (mitogen-activated protein kinases) and NF-κB (nuclear factor κB)] play an important role in the pathogenesis of insulin resistance. LPS (lipopolysaccharide) and saturated NEFA (non-esterified fatty acids) activate TLR4, and plasma concentrations of these TLR4 ligands are elevated in obesity and Type 2 diabetes. Our goals were to define the role of TLR4 on the insulin resistance caused by LPS and saturated NEFA, and to dissect the independent contribution of LPS and NEFA to the activation of TLR4-driven pathways by employing TAK-242, a specific inhibitor of TLR4. LPS caused robust activation of the MAPK and NF-κB pathways in L6 myotubes, along with impaired insulin signalling and glucose transport. TAK-242 completely prevented the inflammatory response (MAPK and NF-κB activation) caused by LPS, and, in turn, improved LPS-induced insulin resistance. Similar to LPS, stearate strongly activated MAPKs, although stimulation of the NF-κB axis was modest. As seen with LPS, the inflammatory response caused by stearate was accompanied by impaired insulin action. TAK-242 also blunted stearate-induced inflammation; yet, the protective effect conferred by TAK-242 was partial and observed only on MAPKs. Consequently, the insulin resistance caused by stearate was only partially improved by TAK-242. In summary, TAK-242 provides complete and partial protection against LPS-and NEFA-induced inflammation and insulin resistance, respectively. Thus, LPS-induced insulin resistance depends entirely on TLR4, whereas NEFA works through TLR4-dependent and -independent mechanisms to impair insulin action.
INTRODUCTION
Insulin resistance is a characteristic feature of obesity and Type 2 diabetes mellitus. Skeletal muscle is the main site
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responsible for insulin-stimulated glucose disposal; therefore muscle is are an important target in the prevention and management of insulin resistance and Type 2 diabetes mellitus. Increasing evidence suggests that signalling pathways downstream of TLR4 (Toll-like receptor 4) play an important role in the pathogenesis of insulin resistance in muscle [1] [2] [3] [4] .
TLR4 is a member of the TLR family of pattern recognition receptors that generate innate immune responses to pathogens by activating a cascade of pro-inflammatory events [5] . LPS (lipopolysaccharide), an outer membrane component of Gramnegative bacteria, is a ligand and potent agonist of TLR4. The fatty acid component of LPS (lipid A) is sufficient to activate TLR4, and studies in monocytes suggest that saturated, but not unsaturated NEFA (non-esterified fatty acids), may also activate TLR4 and downstream signalling pathways [6, 7] . When a ligand binds to TLR4 and its co-receptors CD14 and MD-2, the adaptor molecules TIRAP [TIR (Toll/IL-1 receptor) domain-containing adaptor protein], MyD88 (myeloid differentiation factor 88), IRAK [IL (interleukin)-1-receptor-associated kinase] and TRAF-6 [TNF (tumour necrosis factor)-receptor-associated factor-6] are recruited to the TIR domain of TLR4. This protein-protein interaction cascade enables downstream signalling through the IKK [IκB (inhibitory κB) kinase]-NF-κB (nuclear factor κB) complex and the MAPK (mitogen-activated protein kinase) pathways. The TLR4 signalling cascade described above has been linked to insulin resistance at a number of levels. For example, in cultured cells, activation of IKK [8] and the MAPKs, JNK (c-Jun N-terminal kinase) [9] and p38 [10] , inhibit insulin signal transduction by increasing serine phosphorylation of IRS-1 (insulin receptor substrate 1). Activation of the MAPK and NF-κB pathways in muscle cells also induces transcription of proinflammatory genes (i.e. TNFα and IL-6) whose protein products induce insulin resistance [11, 12] . In line with these in vitro findings, elevated gene and protein expression of TLR4 [4] as well as elevated NF-κB [4, 13] and JNK signalling [14] , have all been observed in skeletal muscles of the insulin-resistant individuals.
The mechanism(s) responsible for the increased TLR4 signalling observed in insulin-resistant conditions is not clear. One potential mechanism involves activation of TLR4 by saturated NEFA from a nutritional/metabolic origin. Plasma NEFA concentrations are increased in most people with obesity and Type 2 diabetes mellitus [15] and an experimental elevation of plasma NEFA levels (by systemic lipid infusion) reduces whole body insulin sensitivity in individuals without Type 2 diabetes mellitus [16] . Deletion or inhibition of TLR4 protects against the deleterious effects of saturated NEFA on NF-κB signalling and insulin action in muscle in vitro [1, 4] and ex vivo [2] . Accordingly, in rodents TLR4 plays an essential role in the insulin resistance caused by acute systemic lipid infusion [1, 17] and high-fat diet [2, 3, 17] . Recent studies have demonstrated that obese and Type 2 diabetic subjects have elevated plasma LPS concentrations [18, 19] ; thus, in addition to saturated NEFA, an increase in plasma LPS concentration could be another mechanism responsible for elevated TLR4 signalling in these individuals. Indeed, chronic elevation of circulating intestinal-generated LPS (i.e. metabolic endotoxemia) has been hypothesized to play a role in the pathophysiology of insulin resistance [20, 21] . That hypothesis proposes that high fat-containing diets alter gut flora growth and intestinal wall permeability, elevating enterobacterial production and translocation of LPS into the systemic circulation [20, 21] .
The finding that insulin-resistant animals [17] and human subjects [4] have enhanced TLR4 content and signalling in insulinsensitive tissues, coupled with an increased concentration of two different TLR4 agonists: saturated NEFA [15] and LPS [18, 19] , suggest that TLR4 may have a causal input towards the development of insulin resistance. In this regard, pharmacological inhibitors of TLR4 signalling may be a useful strategy to enhance insulin sensitivity in insulin-resistant individuals. TAK-242 (resatorvid), a cyclohexene derivative, is a small-molecule inhibitor of TLR4 signalling, which was originally characterized as a novel anti-sepsis agent capable of inhibiting inflammatory mediator production [22] . Investigations into the mechanisms of action have shown that TAK-242 binds selectively to Cys 747 in the TIR domain of TLR4 [23] and subsequently disrupts the ability of TLR4 to associate with TIRAP [24] . To date, TAK-242 is the only small-molecule compound reported to regulate proteinprotein interactions between TLR4 and its adaptor molecules. TAK-242 has no binding affinity to other characterized TLRs [23, 24] . The goal of the present study was to utilize TAK-242 to define the role of TLR4 on the insulin resistance caused by LPS and saturated NEFA, and to dissect the independent contribution of these endogenous TLR4 ligands to the activation of the MAPK and NF-κB pathways. L6 myotubes were used for this purpose as they are a bona fide cell culture system of muscle origin that responds to insulin. We hypothesized that TLR4 plays an important role on the effects caused by LPS and stearate, one of the most abundant saturated NEFA in human plasma, and that TAK-242 would protect against the inflammation and insulin resistance caused by these TLR4 agonists.
MATERIALS AND METHODS

Materials
MEMα (minimum essential medium α), FBS (fetal bovine serum), penicillin/streptomycin and trypsin/EDTA, PBS and Hepes buffer solution were obtained from Invitrogen. Blasticidin was from EMD Biosciences. TAK-242 was a gift from Takeda Pharmaceuticals. 2-DG (2-deoxy-D-[1,2-3 H]glucose was obtained from PerkinElmer Life. LPS from Escherichia coli J5 (L5014), stearate (S4751), cytochalasin B, 2-DG, protease inhibitor cocktail and other chemicals, unless otherwise noted, were from Sigma. Insulin (Novolin-R) was obtained from Novo Nordisk. Reagents for PAGE were from Bio-Rad. Antibodies to phospho-Akt (Ser 473 ), Akt, phospho-GSK (glycogen synthase kinase)-3α/β (Ser 21/9 ), GSK-3α, GSK-3β, phospho-JNK (Thr 183 /Tyr 185 ), JNK, phospho-NF-κB p65 (Ser 536 ), phospho-p38 (Thr 180 /Tyr 182 ), p38, phospho-IκBα (Ser 32 ), IκBα, phospho-IRS-1 (Ser 1101 ) and β-actin were from Cell Signaling Technology. Antibodies to TLR4 (M300), NF-κB p65 and phospho-IRS-1 (Ser 307 ) were from Santa Cruz Biotechnology, whereas an antibody to total IRS-1 was from Invitrogen. ECL ® (enhanced chemiluminescence) anti-rabbit IgG, HRP (horseradish peroxidase)linked whole antibody and ECL ® Plus Western Blotting Detection System was from GE Healthcare. The RNEasy Midi kit was from Qiagen. Reagents for QPCR (quantitative PCR) analysis, including Fast Advanced master mix and Taqman assays for detection of TNFα (Rn00562055_m1), IL6 (Rn01410330_m1), Ccl2 also known as MCP-1 (monocyte chemoattractant protein-1; Rn00580555_m1), TLR4 (Rn 00569848_m1) and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (Rn01775763_g1) transcripts, were from Applied Biosystems. Nuclear extraction kits and DNA-binding ELISA kits for NF-κB p65 and phosphorylated c-Jun (Ser 73 ) were from Active Motif.
Preparation of stearate and LPS solution
Stock solutions of TAK-242 were dissolved in DMSO to a final concentration of 100 mM, and were stored at − 80 • C. Prior to use, stock solutions were thawed and dissolved in MEMα to a final concentration of 1 μM. The 0.001 % DMSO solution in MEMα served as a vehicle control. Stock solutions of stearate were prepared as described previously [25] , and were stored at − 80 • C prior to use. Briefly, stearate was dissolved in a solvent of 0. Cell culture L6-GLUT4myc (L6 myoblasts stably expressing GLUT4) [26] were maintained with α-MEM supplemented with 10 % FBS, blasticidin S (2 μg/ml), and 1 % (v/v) antibiotic/antimycotic solution (10 000 units/ml penicillin G, 10 mg/ml streptomycin and 25 μg/ml amphotericin B) under 5 % (v/v) CO 2 at 37 • C. To induce differentiation into myotubes, the percentage of FBS in the medium was reduced to 2 %. All experiments were carried out 5-7 days later when >85 % of the cells were differentiated as assessed visually through morphology changes and myotube formation. Dose-and time-response experiments were utilized to derive the maximum effective concentration (10, 100 and 1000 ng/ml) and stimulation time (10 min, 30 min, 1 h, 2 h, 6 h and 24 h) of LPS on inflammation (JNK phosphorylation). The dose/stimulation time of LPS used for all insulin signalling/sensitivity measurements was based on previously published data [27] . Cells were exposed to LPS (100 ng/ml) for 1 h (inflammatory assays) or 24 h (insulin signalling assays). Alternatively, cells were exposed to stearate (400 μM) or vehicle control for 1 or 6 h. The dose/stimulation time of stearate used for all experiments was based on published data [1, 4] and our previous observations that insulin resistance is present after 6 h stearate stimulation. Prior to treatment with LPS or stearate, cells were pre-treated with TAK-242 (1 μM) or vehicle control for 1 h. TAK-242 remained in culture medium for the duration for the ex-periment. For measurement of insulin signalling proteins by immunoblotting and 2-DG transport (described below), cells were serum-deprived for 3 h followed by stimulation with/without insulin (5 nM, 10 min or 100 nM, 20 min).
Immunoblotting
Cells were lysed using lysis buffer (20 mM Tris/HCl, pH 7.5, 5 mM EDTA, 10 mM Na 3 PO 4 , 100 mM NaF, 2 mM Na 3 VO 4 , 1 % Nonidet P40, 10 μM leupeptin, 3 mM benzamidine, 10 μg/ml aprotinin and 1 mM PMSF). Proteins were separated by SDS/PAGE (10 % gel) and transferred to nitrocellulose membranes. Membranes were incubated overnight with primary antibodies of interest as indicated in the Figure legends. Detection of primary antibodies was performed using an appropriate peroxidase-conjugated IgG, and protein signals were visualized using ECL ® reagents by exposure to Kodak autoradiographic film. Quantification of immunoblots was performed using Im-ageQuant software (Molecular Dynamics).
Quantitative RT-PCR (reverse transcription-PCR)
Total RNA was isolated using TRIzol ® reagent (Sigma). Onestep real-time RT-PCR was performed on an ABI-Prism-7900HT System using TaqMan One-Step RT-PCR Master Mix Reagents and Assay On-Demand primer/probes (Applied Biosystems). mRNA levels were normalized to GAPDH.
DNA-binding activity of nuclear transcription factor proteins
DNA-binding activity of NF-κB p65 and phosphorylated c-Jun (Ser 73 ) was measured in nuclear extracts (10 and 0.5 μg, respectively) using an ELISA kit (Active Motif).
2-DG transport
L6 cell 2-DG transport was measured as described previously [28] .
Statistical analysis
Data are presented as the means+ − S.E.M. Data were compared using one-way ANOVA with Tukey-Kramer multiple comparisons test (GraphPad Software). Significance was set at P < 0.05.
RESULTS
LPS causes a time-and dose-dependent increase in JNK phosphorylation
First, we performed time-and dose-response experiments assessing the inflammatory response to several stimulation periods (10 min, 30 min, 1 h, 2 h, 6 h and 24 h) and doses The maximum increase in JNK phosphorylation was observed with 100 ng/ml LPS, with no further increase achieved with 1 μg/ml LPS (Supplementary Figure S1 ). Based on these preliminary experiments, LPS (100 ng/ml) for 1 h was used for all further inflammatory measurements.
Effect of TAK-242 on LPS-and stearate-induced inflammatory responses
When a ligand binds to TLR4, the adaptor molecules TIRAP, MyD88, IRAK and TRAF-6 are sequentially recruited to the TIR domain of TLR4. This protein-protein interaction enables signalling through the IKK-NF-κB pathways. Phosphorylation by IKKβ targets IκBα for proteasomal degradation, which liberates NF-κB for translocation into the nucleus where it promotes the expression of numerous genes. TLR4 stimulation also leads to activation of the MAPK family, including JNK and p38, which may in turn regulate activation of the AP-1 (activator protein-1) transcription factor. Among the AP-1 family proteins, c-Jun is thought to play central roles in inflammatory responses [29] . LPS treatment for 1 h caused a robust increase in the phosphorylation of IκBα (35-fold) and a concomitant reduction in cellular IκBα protein ( Figure 1A ), which was accompanied by an increase in the phosphorylation (10-fold, Figure 1B ) and DNA binding (2.5-fold, Figure 1C ) of NF-κB p65. Pre-treatment of myotubes with TAK-242 completely prevented the ability of LPS to increase IκBα phosphorylation, and, accordingly, cellular IκBα protein levels were maintained ( Figure 1A) . TAK-242 also fully prevented LPS-induced NF-κB p65 phosphorylation ( Figure 1B ) and DNA-binding ( Figure 1C ). Treatment of muscle cells with LPS caused a robust increase in the phosphorylation of JNK (3.9-fold, Figure 1D ) and p38 (5.0-fold, Figure 1E ), and these responses were completely blocked by TAK-242 ( Figures 1D and 1E) . Consistent with the effect of TAK-242 on LPS-induced JNK phosphorylation, TAK-242 completely prevented the increase (2.0-fold) in c-Jun DNA binding caused by LPS ( Figure 1F) . Treatment with stearate for 1 h (results not shown) and 6 h ( Figure 2A ) increased phosphorylation of IκBα by 70 and 80 % respectively. Stimulation with stearate for 1 h (results not shown) and 6 h ( Figure 2B ) also increased NF-κB p65 phosphorylation (2.0-and 1.5-fold increase respectively). Interestingly, the increase in NF-κB p65 phosphorylation was not accompanied by enhanced DNA binding ( Figure 2C ). This finding was unexpected, although a previous study demonstrated that NF-κB p65 phosphorylation and transcriptional activity can occur in the absence of any effect on nuclear translocation or DNA binding of NF-κB [30] . Another notable finding was the lack of IκBα degradation in response to stearate. Moreover, and in contrast with its restoring effect on LPS-induced IκBα and NF-κB p65 phosphorylation, TAK-242 had no effect on stearate-induced IκBα (Figure 2A ) or NF-κB p65 phosphorylation ( Figure 2B) . Treatment of cells with stearate for 1 h (results not shown) and 6 h ( Figure 2D ) increased phosphorylation of JNK (2.5-and 4.2fold, respectively), whereas p38 phosphorylation was increased (8.7-fold) by stearate at 6 h ( Figure 2E ) but not 1 h (results not shown). A concomitant increase in c-Jun DNA-binding was observed after 6 h stearate treatment (2-fold, Figure 2F ). TAK-242 had a partial inhibitory effect on 1 h (22 % reduction, results not shown) and 6 h (32 % reduction, Figure 2D ) stearate-induced JNK phosphorylation, whereas c-Jun DNA binding was totally blocked by TAK-242 ( Figure 2F) . A partial inhibitory effect of TAK-242 on p38 phosphorylation was also observed (37 % reduction, Figure 2E ). In summary, LPS and stearate share some, but not all, features of activation of the NF-κB pathway, and TAK-242 prevented all of the effects of LPS but only some of those of stearate.
TAK-242 protects against LPS-and stearate-induced inflammatory gene expression
NF-κB and AP-1 are transcription factors downstream of TLR4 that are implicated in the inducible expression of a variety of genes. Classic genes implicated in the pathogenesis of insulin resistance in muscle include IL-6, MCP-1 and TNFα. Thus, we investigated the ability of TAK-242 to protect against expression of these inflammatory genes by LPS and stearate. In line with activation of the MAPK and NF-κB signalling pathways, LPS caused a robust increase in IL-6 mRNA expression (3.5-fold) and TAK-242 blocked this effect ( Figure 3A) . MCP-1 and TNFα mRNA expression was detected only in cells stimulated with LPS ( Figures 3B and 3C) ; LPS caused a robust increase in expression of these inflammatory genes, and TAK-242 completely prevented these effects. With regard to stearate, treatment for 6 h caused a robust increase (10-fold) in IL-6 mRNA expression and TAK-242 blocked this effect almost completely ( Figure 3D ). MCP-1 mRNA was detected in cells stimulated with stearate for 6 h but was undetected in control and TAK-242 treated cells, which suggests that TAK-242 was able to completely block the effects of stearate on MCP-1 gene expression ( Figure 3E) . No increase in IL-6 or MCP-1 mRNA expression was observed in cells stimulated with stearate for 1 h (results not shown). Moreover, TNFα could not be detected in cells with either 1 or 6 h stearate stimulation (results not shown). In summary, although the pattern of activation of inflammatory genes by LPS and stearate overlaps only partially, TAK-242 completely blocked the ability of LPS and stearate to induce the expression of key genes implicated in the pathogenesis of insulin resistance.
TAK-242 protects against the negative effects of LPS and stearate on insulin signalling transduction
Serine phosphorylation of IRS-1 impairs insulin signalling by reducing tyrosine phosphorylation of IRS-1 by the insulin re-ceptor β subunit. Some studies propose that phosphorylation of IRS-1 at Ser 307 (Ser 312 in human IRS-1) by JNK [9] and IKKβ [8] is a mechanism by which NEFA and cytokines impair insulin signalling. Phosphorylation of IRS-1 at Ser 1101 also impairs tyrosine-phosphorylation of IRS-1 and downstream insulin signalling at the level of Akt and AS160 [31] . Concomitant with impairments in Akt phosphorylation, insulin-stimulated GSK-3 phosphorylation is reduced, which results in impaired activation of glycogen synthase [32] . In addition to direct negative effects of the IKK-NF-κB and MAPK pathways on insulin-signalling intermediates, gene products of these pathways (TNFα and MCP-1) may also further impair insulin signalling [11] . Considering that TAK-242 blocked LPS-and stearate-induced inflammatory responses, we explored whether TAK-242 protects against impairments in insulin signalling caused by these stimuli. LPS (24 h) had no effect on phosphorylation of IRS-1 at Ser 307 (results not shown) or Ser 1101 ( Figure 4A) . Rather, LPS reduced (approximately 36 %) insulin-signalling downstream, at the level of Akt phosphorylation on Ser 473 ( Figure 5A ). There was also a tendency for reduced (approximately 18 %) insulin-stimulated GSK-3α/β phosphorylation; however, this did not reach statistical significance ( Figure 5B) . These inhibitory effects of LPS on insulin signalling were prevented by pre-treating cells with TAK-242 ( Figures 5A and 5B) . In contrast with LPS, treatment with stearate (6 h) increased phosphorylation of IRS-1 at Ser 1101 (2-fold, Figure 4B ), whereas it failed to affect Ser 307 (results not shown). Stearate also reduced insulin-stimulated Akt (approximately 20 %, Figure 5C ) and GSK-3α/β (approximately 25 %, Figure 5D ) phosphorylation. Notably, the ability of stearate to increase IRS-1 phosphorylation at Ser 1101 ( Figure 4B) , and to reduce insulin-stimulated Akt ( Figure 5C ) and GSK-3α/β phosphorylation ( Figure 5D ) was no longer observed when cells were pre-treated with TAK-242. Stearate also reduced insulin signalling downstream of Akt to its substrate AS160, which was similarly prevented by TAK-242 (results not shown).
TAK-242 protects against LPS-and stearateinduced reduction in glucose transport
Insulin signalling through IRS-1 and Akt leads to enhanced glucose transport by increasing GLUT4 translocation to the cell membrane. Pre-treatment with LPS for 24 h reduced insulinstimulated glucose transport by approximately 25 % ( Figure 6A) . TAK-242 completely prevented the ability of LPS to reduce insulin-stimulated glucose transport ( Figure 6A ). Stearate also reduced (approximately 20 %) insulin-stimulated glucose transport ( Figure 6B) . TAK-242 partially restored insulin-stimulated glucose transport, such that the reduction by stearate was no longer statistically significant ( Figure 6B) .
DISCUSSION
There is growing recognition that insulin-resistant (obese and Type 2 diabetic) individuals are subject to systemic low-grade inflammation [33] . There is also increasing evidence suggesting that signalling through TLR4 contributes to the inflammatory state and insulin resistance observed in these subjects [2, 4] . Two important hypotheses have emerged to explain this notion. Proponents of the 'metabolic endotoxemia' theory suggest that sustained elevation of circulating LPS, a result of perturbations in the gut microbiota and increased intestinal permeability of LPS, leads to increased activation of TLR4 [20, 21] . The second theory proposes that chronic TLR4 activation is a consequence of elevated circulating NEFA [2, 4, 17] , secondary to increased NEFA release from an enlarged adipose tissue mass and/or reduced NEFA oxidation/clearance [34] . Moreover, there are data suggesting that saturated NEFA may act in synergy with LPS to promote inflammation and insulin resistance in obesity and Type 2 diabetes mellitus [35] . In this regard, pharmacological inhibitors of TLR4 signalling may be useful strategies to protect against insulin resistance in muscle. By utilizing the selective TLR4 inhibitor, TAK-242, in the present study we show that LPS-induced inflammation and insulin resistance is dependent entirely on TLR4, while saturated NEFA work partially through TLR4 to induce these deleterious effects. Moreover, our systematic analysis of inflammatory and insulin signals reveal similarities and differences in the actions of the TLR4 agonist LPS and the saturated fatty acid, stearate. TAK-242 completely prevented LPS-induced inflammation and insulin resistance in muscle cells. Reduced signalling through the NF-κB and MAPK pathways followed by restored insulinstimulated Akt phosphorylation provide a mechanism for the ability of TAK-242 to protect against LPS-induced insulin resistance. Our findings are in accordance with the study of Holland et al. [3] , in which the insulin resistance caused by LPS ex vivo was dependent on TLR4-mediated IKKβ activation and ceramide production. They are also concordant with Pilon et al. [27] , who found that mice lacking the inflammatory cytokine-mediated enzyme, iNOS (inducible nitric oxide synthase), were protected from LPS-induced insulin resistance in muscle, a result of diminished nitrosylation of IRS-1. Increased expression of SOCS (suppressor of cytokine signalling) in muscle also participates in LPS-induced insulin resistance through negative feedback loops in cytokine signalling [36] . Since LPS increases cytokine expression in muscle (iNOS, TNFα, IL-6 etc.) via a TLR4-dependent mechanism [37] , these data lend additional evidence that TLR4 is required for LPS-induced insulin resistance in muscle in vitro.
Differences and similarities between LPS-and stearate-induced inflammatory responses
Although both LPS and stearate activated inflammatory responses, they shared only partial aspects of these responses. Both LPS and stearate elevated the phosphorylation of JNK, p38, IκBα and NF-κB p65, and induced IL-6 and MCP-1 gene expression, but only LPS reduced IκBα mass, p65 binding to DNA, and TNFα gene expression. Compared with its full-spectrum action on LPS effects, TAK-242 conferred partial protection against stearate-induced inflammation and insulin resistance. The TLR4 inhibitor prevented stearate effects on phosphorylation of JNK and p38 MAPK, but did not prevent phosphorylation of IκBα or NF-κB p65. These non-TLR4 mediated inflammatory responses to stearate may potentially arise through activation of other innate immune receptors that engage the NF-κB signalling pathway. Indeed, direct activation of the cytosolic pattern recognition receptor, NOD2 (nucleotide-binding oligomerization domain-2), by its agonist muramyl dipeptide, activated inflammatory signals and dampened insulin action in muscle cells [38] . Future studies should reveal whether stearate acts through this or other inflammation sensors.
Differences and similarities between LPS-and stearate-induced insulin resistance
Previous studies have shown that JNK-mediated IRS-1 phosphorylation on serine residues is an important mechanism mediating inflammatory-mediated insulin resistance [9, 10, 39, 40] . This action is thought to occur through phosphorylation of IRS-1 on Ser 307 . On the other hand, IRS-1 phosphorylation on Ser 1101 is mediated by novel PKCs (protein kinase Cs) and also contributes to insulin resistance by reducing tyrosine phosphorylation of IRS-1 [31, 41] . In the present study, increased stearate-induced JNK phosphorylation and c-Jun DNA binding occurred with a concomitant increase in IRS-1 phosphorylation on Ser 1101 , but not Ser 307 . TAK-242 reduced IRS-1 Ser 1101 phosphorylation and subsequently restored insulin-stimulated Akt phosphorylation and glucose transport. Our observations are in good agreement with previous studies, which have shown that inhibition or absence of TLR4 confers partial protection against the detrimental effects of saturated NEFA on insulin action [1, 2, 4, 17] . The incomplete protection against NEFA-induced inflammation and insulin resistance by TLR4 inhibition using TAK-242 suggests that TLR4-independent mechanisms also mediate the effects of saturated NEFA. In addition to the possible contribution of other inflammation sensors such as NOD2, direct metabolic action occurs through augmented intracellular pools of DAGs (diacylglycerols) [1] and ceramides [42] in response to elevated NEFA. DAGs activate PKCs, which have been linked to inhibition of insulin action via increased phosphorylation of IRS-1 on serine residues [31, 43] , while ceramides work downstream on Akt to cause insulin resistance [3, 44] . Notably, recent findings suggest that TLR4 is an upstream signalling component required for saturated NEFA-induced ceramide biosynthesis in muscle [3] .
It is possible that one or more of these TLR4-independent mechanisms act synergistically with the TLR4 signalling pathway such that inhibition of one pathway is not sufficient to completely protect against lipid-induced insulin resistance.
Potential mechanisms underlying restoration of insulin action by TAK-242
Previous studies have shown that inhibition or absence of MAPKs [45] or NF-κB [46] protects against insulin resistance in vitro and in vivo. JNK [9, 39] , p38 [10] and the upstream regulator of NF-κB, IKKβ [8] , may promote insulin resistance by phos-phorylation of IRS-1 at serine residues. IKKβ may also inhibit insulin signalling intermediates downstream of IRS-1 at the level of PI3K (phosphoinositide 3-kinase) and Akt [46] . In the present study, both LPS and stearate increased JNK and p38 phosphorylation. However, only stearate increased IRS-1 phosphorylation at Ser 1101 . It is possible that LPS works on other IRS-1 serine phosphorylation sites to induce insulin resistance. Another plausible explanation is that the brief increase in JNK phosphorylation by LPS (which peaks at 1 h) does not endure long enough to promote insulin resistance through IRS-1 (at 24 h). Rather, the more persistent increase in signalling through the NF-κB pathway by LPS may act downstream on Akt phosphorylation to cause insulin resistance. Collectively, our findings suggest that restoration of insulin-stimulated Akt phosphorylation and glucose transport by TAK-242 may be a direct result of reduced signalling through the LPS-activated NF-κB and MAPK pathways. Conversely, TAK-242-mediated reductions in stearate-induced MAPK signalling may account for the observed restoration of IRS-1 phosphorylation on Ser 1101 , and subsequently the increased insulin-stimulated Akt phosphorylation and glucose transport. LPS and stearate may also work through TLR4 at the transcriptional level to cause insulin resistance. Cytokines expressed locally in muscle function in an autocrine/paracrine manner to regulate insulin action [47] . TNFα and MCP-1 can directly cause insulin resistance in muscle in vitro, and they may further activate the JNK and NF-κB pathways through a feed-forward mechanism [47] . In the present study, the increase in NF-κB DNA binding caused by LPS was associated with increased gene expression of IL-6, TNFα and MCP-1. Surprisingly, stearate did not increase NF-κB DNA binding. Rather, stearate increased DNA binding of c-Jun and this occurred in association with increased MCP-1 and IL-6 gene expression. TAK-242 completely prevented LPSinduced NF-κB DNA binding, and, accordingly, gene expression of TNFα, IL-6 and MCP-1 was blocked. TAK-242 also blocked stearate-induced DNA binding of phosphorylated c-Jun, and, in turn, blunted mRNA expression of IL-6 and MCP-1. Taken together, the data indicate that, in muscle cells, LPS regulates gene expression via the NF-κB and MAPK pathways, and this effect is entirely dependent on TLR4. In contrast, stearate has a more pronounced effect to regulate gene expression through the MAPKs over the NF-κB axis, and this response is partially mediated by TLR4.
It is noteworthy that the concentration of LPS and stearate used in the present study were supraphysiologic. Nonetheless, data from the present study demonstrate that TAK-242 is a useful experimental tool for the study of the physiological significance of TLR4 in muscle. TAK-242 reached Phase III clinical trials as an antisepsis agent following promising preclinical efficacy of TAK-242 in cell and animal models [22] . However, clinical studies were discontinued in 2009 due to a failure to suppress cytokine levels in patients with severe sepsis [48] . Severe sepsis is an acute severe inflammatory state in which plasma levels of LPS may increase approximately 100-fold [49] . In contrast, insulin resistance is characterized by a state of chronic lowgrade inflammation, whereby circulating TLR4 ligands (LPS and NEFA) are modestly increased by 2-to 3-fold [15, 20] 
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In summary, the present study is the first to characterize the selective TLR4 inhibitor, TAK-242, as a modulator of insulin action and glucose metabolism in a muscle system. Collectively, our findings reveal that LPS-induced inflammation and insulin resistance are fully mediated by TLR4, whereas saturated NEFA work partially through TLR4 to induce inflammation and insulin resistance. Given the key role that TLR4 and downstream signalling pathways play in regulating inflammation and insulin resistance in muscle [1] [2] [3] [4] , inhibition of TLR4-mediated signalling is an appealing target for therapeutic development. TAK-242 protects against insulin resistance in muscle cells
